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2+
-activated K + (SK2) channel plays an important role in the activation of Jurkat T-lymphocytes by maintaining electrical gradients for the sustained Ca influx. Apamin-sensitive K + current was significantly decreased with cell-cycle progression from G 0 / G 1 into G 2 / M phases, and protein expression of SK2 channels showed parallel downregulation, with its highest expression at early G 0 / G 1 phase. In the G 0 / G 1 phase, the apaminsensitive component of thapsigargin-induced Ca 2+ influx was significantly larger than that in the G 2 / M phase. These observations suggest that SK2-channel activation may largely contribute to the sustained Ca 2+ influx in the G 0 / G 1 phase in comparison of that in the G 2 / M phase in Jurkat T-lymphocytes.
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The Ca
-activated K + (K Ca ) channel is a unique family of the K + -channel superfamily that can directly communicate Ca 2+ -signal pathways to induce changes in membrane potential required for various cellular processes. In T-lymphocytes, hyperpolarization of the membrane, which is induced by activation of K Ca channel, increases the driving force for Ca 2+ entry (1). Activation of K Ca channels is therefore strongly associated with sustained Ca 2+ influx and the Ca 2+ -dependent signaling pathway (2, 3) .
The human T-lymphocyte cell line Jurkat is widely used as a model system to investigate intracellular signaling cascades during lymphocyte activation (4). The type 2 small-conductance K Ca channel SK2 plays an important role for maintenance of sustained Ca 2+ influx in Jurkat T-lymphocytes (5, 6) . Up-regulation of K + channels during cell proliferation provides a positivefeedback mechanism, resulting in long-term changes in [Ca 2+ ] i required for the G 1 -S transition in the cell-cycle (7, 8) . In T-lymphocytes, changes of K Ca channel expression during cell-cycle progression have yet to be clearly determined.
The present study was undertaken to examine the changes in the molecular and functional expression of SK2 channels and the contribution of SK2 channel to sustained Ca 2+ influx via store-operated Ca 2+ channel upon cell-cycle progression.
Jurkat T-lymphocyte, clone E6-1, was obtained from American Type Culture Collection (Manassas, VA, USA). The Jurkat T-lymphocytes were cultured in RPMI-1640 (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% fetal calf serum, maintained at 37°C in a humidified atmosphere with 5% CO 2 .
Jurkat cells were synchronized at the G 1 / S border by the double thymidine block method (9) . After staining the cells with propidium iodide (PI), cell-cycle distribution was examined by using Cell Quest Software (Ver. 3.3; BD Biosciences, Franklin Lakes, NJ, USA) on the Becton Dickinson LSR Benchtop Flow Cytometer.
RNA extraction, reverse-transcription, and real-time PCR were performed as previously reported (10) . The following PCR primers were designed: human SK2 (GenBank accession number: NM_021614, 2026-2130, amplicon = 105 bp) and human GAPDH (NM_002046, 527-634, amplicon = 108 bp). Amplified products were sequenced using a BigDye terminator v3 kit (Applied Biosystems, Foster City, CA, USA) with an ABI PRIZM 3100 genetic analyzer (Applied Biosystems).
SK2 protein detection in Jurkat T-lymphocyte homogenates was performed using SK2 specific primary antibody (Alomone Labs, Jerusalem, Israel) and secondary antibody, anti-rabbit IgG-HRP labeled donkey antibody (GE Healthcare, Piscataway, NJ, USA), as previously reported (10) .
The whole-cell patch-clamp method was applied to single cells using an EPC-7 amplifier (HEKA Elektronik, Lambrecht, Germany) as previously reported (11) . Jurkat T-lymphocytes were held at a holding potential of −75 mV and whole-cell current was elicited by a ramp pulse at 10-s intervals from −120 to +40 mV during 400 ms. Data acquisition and analysis were carried out using the AQ and Cell Soft software developed by Dr. Wayne R. Giles.
Cells loaded with Fura-2 / AM (Invitrogen, Carlsbad, CA, USA) were alternatively illuminated at 340-and 380-nm wavelengths of light from a xenon lamp (Hamamatsu Photonics, Shizuoka). The fluorescence emissions (>425 nm) were captured with a chargedcoupled device camera and analyzed using ARGUS / HiSCA software (Ver. 1.7) (Hamamatsu Photonics). All experiments were performed at room temperature (23 ± 1°C).
Data are expressed as means ± S.E.M. Statistical significance between two groups was evaluated by the unpaired Student's t-test after one-way analysis. Figure 1A shows that double thymidine block caused marked increase in the population of cells (approximately 80%) in the G 0 / G 1 boundary compared with the Fig. 1 . Flow cytometry analysis of cell-cycle progression and changes in SK2 channel expression during cell-cycle progression in Jurkat T-lymphocytes. A: Time course in ratio of cells in G0/G1, S, and G2/M phases. Jurkat cell suspension in logarithmic growth phase was added with, 250 mM thymidine/PBS(−), to make the final thymidine concentration 0.5 mM and then the suspension was incubated at 37°C for 16 -24 h for the purpose of G1/S boundary and S phase synchronization. After thymidine removal, the cell suspension was cultured in new culture medium without thymidine, incubated under the same condition for 15 -16 h for the purpose of progression to the G2/M phase. Again, the cell suspension was incubated with the culture medium including 0.5 mM thymidine under the same condition for 16 -24 h for the purpose of G1/S boundary synchronization. After double thymidine block, cell-cycle distribution was analyzed every 2 h by flow cytometry with propidium iodide (PI) staining. Similar results were obtained from six independent experiments. B: Protein lysates were extracted from cells harvested every 2 h after thymidine removal, and SK2 protein expression was determined by Western blotting (50 µg protein/lane). SK2 protein bands at 66 kDa were visualized by using an ECL detection system (GE Healthcare) and Image Reader (LAS1000; Fujifilm, Tokyo), and analyzed by Image Gauge Software (Fujifilim). C: The optical band density of the 66-kDa band was expressed relative to the value at 0 h, which was taken as 1.0 (n = 4 for each). D: Real-time PCR analysis of SK2 channel transcript expression in cells harvested every 2 h after thymidine removal relative to an internal control, GAPDH. Results are expressed as means ± S.E.M. (n = 4 for each).
control cells (43.3 ± 1.8%). At 6 -12 h after thymidine removal, cells progressed to the S and G 2 / M phases. At 12 -16 h after thymidine removal, the cell population in the G 0 / G 1 phase decreased to less than 10%, while that in the G 2 / M phase increased to approximately 60% as compared with the control cells (21.3 ± 0.9%).
We examined the changes in the protein expression of SK2 channels in cell-cycle synchronized Jurkat Tlymphocytes. Western blotting analysis revealed that strong 66-kDa bands were detected in the G 0 / G 1 phase (at 0 -4 h), and these decreased in the S and G 2 / M phases (at 6 -18 h). Expression level in the G 0 / G 1 phase was around 5-times higher than that in the S or G 2 / M phases ( Fig. 1: B and C) . The 66-kDa bands disappeared when the cells were preincubated with the excess antigen, but this treatment did not change the other faint bands derived from non-specific binding by anti-SK2 antibody (data not shown). Additionally, real-time PCR analysis revealed the down-regulation of the transcripts of SK2 channels from the G 0 / G 1 to S phases (Fig. 1D) . The transcriptional expression of SK2 channels at 10 h was about 65% of that at 0 h.
We next examined the cell-cycle-dependent changes in apamin-sensitive K + currents. In high K + symmetrical conditions, two major K + currents were observed under whole-cell voltage-clamp in Jurkat T-lymphocytes. One is the SK2 current that exhibits inward K + currents at more negative potential than −40 mV, and another is the voltage-gated K + current (Kv1.3) that exhibits peak inward currents at around −25 mV and outward K + currents at positive potential. These current components were completely blocked by 10 nM apamin, a specific SK2-channel blocker (Fig. 2) , and 10 nM margatoxin, a specific Kv1.3 channel blocker (data not shown), respectively.
On the basis of the results in Fig. 1A , we estimated the cells at 0 -4 and 14 -16 h after thymidine removal as those at the G 0 / G 1 and G 2 / M phases, respectively. The current density-voltage relationship of the whole-cell current elicited by the ramp pulse is shown in Fig. 2 . The membrane capacitances of cells at the G 0 / G 1 and G 2 / M phases showed no significant differences: 16.9 ± 3.0 and 18.7 ± 3.4 pF, respectively (n = 5 -6, P>0.05). Apaminsensitive K + current densities at −75 mV were 2.3 times larger than that at the G 2 / M phase: 1.94 ± 0.34 and 0.83 ± 0.20 pA/ pF (n = 5 -6, P<0.05 vs G 0 / G 1 phase) (Fig. 2C) . The peak inward current amplitude of margatoxin-sensitive K + currents at around −25 mV were not significantly affected by the cell-cycle progression (G 0 / G 1 : 15.9 ± 3.0 pA / pF, G 2 / M: 23.7 ± 5.2 pA / pF, n = 5 -6, P>0.05). These results were consistent with the down-regulation of SK2 channel expression during cell-cycle progression from the G 0 / G 1 to G 2 / M phases.
As shown in Fig. 3, A and B, there were no significant differences in peak amplitude of [Ca 2+ ] i elevated by addition of 2 mM Ca 2+ after pretreatment with 1 µM thapsigargin under Ca 2+ -free conditions between the G 0 / G 1 and G 2 / M phase populations (control condition).
Fig. 2. Changes in apamin-sensitive K
+ current density during cell-cycle progression. Jurkat T-lymphocytes were held at −75 mV, and whole-cell current was elicited by ramp pulse at 10-s intervals from −120 to +40 mV during 400 ms under symmetrical 140 mM K + . Current density-voltage relationship in cells at G0/G1 (0 -4 h) (A) and G2/M phases (14 -16 h) (B) after thymidine removal from culture medium in the absence (black) or presence (gray) of 10 nM apamin. Comparisons of apamin-sensitive K + current density at −75 mV (C). The results are expressed as means ± S.E.M. (n = 5 -6, *P<0.05). The bath solution contained 140 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM D-glucose, and 10 mM HEPES (pH 7.4). The pipette solution contained 138 mM K-aspartate, 8.6 mM CaCl2, 2 mM MgCl2, 10 mM HEPES, 1 mM K2ATP, and 10 mM EGTA; and the pCa and pH were adjusted to 6.0 and 7.2, respectively. The free Ca ] i were 8.53 and 4.14 min at the G 0 / G 1 and G 2 / M phases, respectively. Consequently, ∆[Ca 2+ ] i in cells at the G 0 / G 1 phase was decreased more slowly than that in cells at the G 2 / M phase (Fig. 3C) . Similarly, under apamin-treated conditions, the average [Ca
2+
] i in cells at the G 2 / M phase was substantially lower and more rapidly declined than that in cells at the G 0 / G 1 phase under apamin-treated conditions. The τ 1/ 2 values of average [Ca 2+ ] i were 4.95 and 3.28 min in cells at the G 0 / G 1 and G 2 / M phases, respectively.
Fanger et al. have shown that SK2 channel activity in Jurkat T-lymphocytes maintains sustained Ca 2+ influx during T-cell activation rather than transient Ca 2+ influx (5, 6). To determine whether the contribution of SK2 channels to sustained Ca 2+ influx in Jurkat T-lymphocytes is different between cells at the G 0 / G 1 and G 2 / M phases, we calculated the area under the curve (AUC) of sustained Ca 2+ by integrating a Ca 2+ influx trace from onset to 12 min (control: 8.28 ± 0.23 and 5.88 ± 0.31 µM ⋅ min at G 0 / G 1 and G 2 / M phases, respectively; apamin: 5.59 ± 0.19 and 4.30 ± 0.21 µM ⋅ min at G 0 / G 1 and G 2 / M phases, respectively, n>125). ∆AUC (AUC control − AUC apamin ) in cells at the G 0 / G 1 phase were about 1.7-fold larger than that in cells at the G 2 / M phase (Fig. 3D) . Without thapsigargin-pretreatment,
Ca
2+ influx was not induced by the addition of extracellular Ca 2+ (not shown). The present study showed that SK2 currents were significantly decreased with cell-cycle progression from the G 0 / G 1 to G 2 / M phases in Jurkat T-lymphocytes (Fig. 2) , consistent with the paralleled down-regulation of SK2 protein expression with its highest expression at the early G 0 / G 1 phase (Fig. 1C) . Apamin-sensitive, sustained Ca 2+ influx was largely suppressed in cells at the G 0 / G 1 phase as compared with those at the G 2 M phase (Fig. 3) . When we measured the resting membrane potentials in the current-clamp mode, we could not detect any significant difference between cells at the G 0 / G 1 and G 2 / M phases (G 0 / G 1 : −30.1 ± 7.6 mV, G 2 / M: −35.0 ± 5.4 mV, P>0.05). Moreover, basal [Ca 2+ ] i in cells at the G 0 / G 1 phase was also almost similar to that in the G 2 / M phase (G 0 / G 1 : 101.3 ± 2.2 nM, G 2 / M: 104.9 ± 4.6 nM, P>0.05).
Cell-cycle-dependent regulation of Ca 2+ influx in Jurkat T-lymphocytes resembles the relationship between Th1 and Th2 lymphocytes. The Ca 2+ influx elicited following store depletion with TG is significantly lower in Th2 cells than in Th1 cells (6) . This differential Ca
2+
responsiveness between Th1 and Th2 is accounted for by the combination of smaller K Ca -channel currents and a faster Ca 2+ efflux mechanism in Th2 cells, similar to the relationship in Jurkat T-lymphocytes between G 0 / G 1 and G 2 / M phases in the present study. Moreover, activated Th1 and Th2 lymphocytes result in the productions of some cytokines, which are differentially regulated by the amplitude and pattern of Ca 2+ signaling (6). Thus, differential expression of SK2 channels in Jurkat T-lymphocytes may be implicated in control of the differential cytokine profile during cell-cycle progression.
SK2 channel activity was not linked to cell proliferation in Jurkat T-lymphocytes (data not shown), in agreement with the previous report (12) . Maintenance of membrane potential by K + channel activity plays an important role for the prevention of cell death. Several reports have suggested that activation-induced cell death (AICD) occurring at a late G 1 phase may be linked to the expression of anti-apoptotic molecules (13, 14) . In Tlymphocytes, it has been reported that apoptotic volume decrease mediating SK4 channel activation is an essential step in Ca
-induced apoptosis (15) , suggesting that SK2-channel activity may contribute to modulation of Ca
-induced apoptosis in Jurkat T-lymphocytes. Because the regulation of anti-apoptotic proteins and K Ca channels is strongly associated with chronic myeloid leukemia (13 -15) , further studies are required to elucidate the possible prognostic importance of their pathophysiological significance in leukemia.
The present study provided the first suggestive evidence that K Ca -channel expression can be regulated during cell-cycle progression, and the resulting changes in the K Ca -channel activity may cause the divergence in Ca 2+ responses in human leukemic Jurkat Tlymphocytes. Further investigations are required to address whether regulation of K Ca -channel activity combined with the Ca 2+ -influx mechanism contributes to complex immune responses during cell-cycle progression or differentiation in T-lymphocytes and plays a pathophysiological role in the regulatory mechanisms underlying cell survival of T-lymphocytes and apoptosis of leukemia cells.
